GRIK1 and GRIK2 constitute a small protein kinase family in Arabidopsis (Arabidopsis thaliana). An earlier study showed that a truncated version of GRIK1 binds to the geminivirus replication protein AL1. We show here both full-length GRIK1 and GRIK2 interact with AL1 in yeast two-hybrid studies. Using specific antibodies, we showed that both Arabidopsis kinases are elevated in infected leaves. Immunoblot analysis of healthy plants revealed that GRIK1 and GRIK2 are highest in young leaf and floral tissues and low or undetectable in mature tissues.
INTRODUCTION
levels in infected leaves were statistically significant in Z tests (P < 0.05), they were not sufficient to account for the higher protein levels during infection ( Figure 4A ).
The RNA analysis suggested that the accumulation of GRIK1 and GRIK2 proteins is modulated at least in part by post-transcriptional processes. Protein degradation through the ubiquitin-proteasome pathway is a common mechanism for rapid and effective control of cellular levels of regulatory proteins like protein kinases (Sullivan et al., 2003; Smalle and Vierstra, 2004) . Hence, we asked if GRIK1 or GRIK2 are degraded via the proteasome pathway initially in Arabidopsis seedlings and then in infected leaves. GRIK1 and GRIK2 levels were compared in protein extracts from untreated 2-week old seedling or in seedlings incubated for 3 h in the presence of the proteasome inhibitor MG132 or solvent alone. Immunoblot analysis revealed that the GRIK1 and GRIK2 proteins are high in MG132-treated seedlings ( Figure 5A , lane 3) but are low or undetectable in untreated (lane 1) or solvent-treated (lane 2) seedlings. These results showed that GRIK1 and GRIK2 are stabilized by MG132 and suggested that intrinsic pathways that maintain GRIK1 and GRIK2 proteins at low levels exist in plant cells.
Consistent with the seedling results, there were slight increases in the GRIK1 and GRIK2 levels 3 h after MG132 treatment in mock-inoculated leaves ( Figure 5B MG132 and solvent-treated samples was less than seen for the kinases. These results indicated that GRIK1 and GRIK2 are degraded via the ubiquitin-proteasome pathway in CaLCuV-infected plant leaves.
The significantly higher levels of GRIK1 and GRIK2 in CaLCuV-infected leaves versus mock-inoculated leaves in the MG132-treated samples ( Figure 5B , cf. lanes 2 and 4) also suggested that the synthesis of both kinases is elevated during infection. We used the protein synthesis inhibitor cycloheximide to confirm that de novo protein synthesis is required to maintain GRIK1 and GRIK2 protein levels during infection. GRIK1 levels were reduced and GRIK2 was not detected in infected leaves incubated with cycloheximide for 3 h prior to protein extraction ( Figure 5C , lane 2) compared to solvent-treated tissue (lane 1). In contrast, AL1 protein levels were not impacted by cycloheximide treatment ( Figure 5C , cf. lanes 1 and 2). In parallel assays, high levels of GRIK1 and GRIK2 were detected in the presence of MG132 ( Figure 5C, lane 3) . Together, these results indicate that protein synthesis and turnover influence GRIK1 and GRIK2 protein levels during infection.
GRIK1 and GRIK2 Expression Is Regulated during Plant Development
AL1 interacts with the host pRBR to induce the expression of DNA replication machinery and cause mature plant cells to re-enter the S phase of cell cycle (Ach et al., 1997; Kong et al., 2000; Nagar et al., 2002) . Because GRIK1 and GRIK2 also interact with AL1, we asked if their expression is developmentally regulated suggestive of intrinsic functions associated with DNA synthesis or differentiation. Leaves from Arabidopsis rosettes provided a good source of tissues at different ages. We divided the leaves of 5-week old plants grown under a short-day light regime into four fractions: young leaves less than 5 mm in length and the shoot apical meristem (SAM), expanding leaves, fully expanded leaves, and senescent leaves. Only the young leaf sample and, to a lesser extent, the expanding leaf sample contain cells competent for DNA replication (reviewed by Traas et al., 1998) . Immunoblot analysis of total proteins extracted from these fractions showed that both GRIK1 and GRIK2 are highly expressed in the young leaf fraction ( Figure 6A , lanes 1 and 5). A lesser amount of GRIK2 was detected in expanding leaves ( Figure 5A , lane 6), and a band corresponding to GRIK1 was visible in expanding leaves upon long exposure of the blot (not shown). Neither GRIK1 nor GRIK2 was detected in mature ( Figure 6A , lanes 3 and 7) or senescent leaves (lanes 4 and 8). These results indicate that both kinases are expressed in young tissues where cells are replicating DNA. Detection of GRIK1 and GRIK2 in expanding leaves, albeit at much reduced levels, excluded the possibility that the kinases accumulate only in the SAM.
The relative amounts of GRIK1 and GRIK2 in young leaves were compared using different amounts of a total protein extract and their peptide antibodies in Figure 3B . Bands of similar intensities were seen for the two kinases when 25 µg of total plant protein was probed with the GRIK1 antibody and 10 µg of total protein was probed with the GRIK2 antibody ( Figure 3B , cf. lanes 5 and 6). Given that the GRIK2 antibody displays ca. 40-fold greater sensitivity than the GRIK1 antibody under these experimental conditions ( Figure 3B, lanes 3 and 4) , the amount of GRIK1 protein in young leaves is ca. 10-fold higher than the GRIK2 protein. The steady state mRNA levels corresponding to the kinase genes were measured by real-time quantitative RT-PCR in the four leaf samples in two independent experiments. For both GRIK1 and GRIK2, there was no statistically significant difference in relative mRNA abundance between any of the samples ( Figure 6B ). These data are consistent with available microarray data showing that GRIK1 and GRIK2 mRNAs levels do not vary in a range of tissue types and developmental stages (http://www.arabidopsis.org) and suggest that their protein levels are posttranscriptionally regulated in developing, mature and senescent leaves.
GRIK1 and GRIK2 expression in other Arabidopsis organs was examined by immunoblotting with the peptide antibodies. Both kinases were detected in flower buds ( Figure   6C , lanes 1 and 5), fully opened flowers (lanes 2 and 6) and siliques (lanes 3 and 7) but neither was present in roots (lanes 4 and 8). The GRIK2 protein level was higher in flower buds and siliques than in mature flowers ( Figure 6C , lanes 5 and 7 with lane 6), further supporting the idea that the GRIK proteins are associated with young plant tissues that contain dividing and endoreduplicating cells.
GRIK1 and GRIK2 Display Different Immunolocalization Patterns
We compared the cellular and subcellular distributions of GRIK1 and GRIK2 in 5-week old Arabidopsis plants using the peptide antibodies for immunolocalization. These studies focused on the SAM, leaf primordia and emerging petioles of leaves immediately flanking the primordium because the kinases are the predominant immuno-reactive proteins in these tissues ( Figure 6A , lanes 1 and 5). In addition, these tissues contain few or no plastids, which were also a source of potential background. Both peptide antibodies stained chloroplasts in mature leaves (not shown) even though neither kinase protein was detected in this tissue by immunoblotting ( Figure 6A , lanes 3 and 7). The GRIK1 antibody stained a variety of cells in the SAM ( Figure 7D ), leaf primordium (7E) and petiole (7F). The stained cells included cells in the SAM central zone, epidermal and emerging mesophyll cells in the leaf primordium, and epidermal cells in the petiole. The strongest GRIK1 staining co-localized with 4',6-diamidino-2-phenylindole staining (not shown), indicating that the kinase is in the nucleus. Cytoplasmic GRIK1 staining was also visible in the SAM ( Figure 7D ) but was not readily apparent in the leaf primordium or petiole sections when compared to the corresponding normal rabbit antibody controls (cf. 7B and 7E; 7C and 7F). In contrast, GRIK2 antibody staining was weak in all three tissues (Figure 7G, 7H and 7I) .
This was unexpected because of the greater sensitivity of the antibody on immunoblots. The weak staining could not be attributed to the 20-kD cross-reacting band detected on immunoblots because the same band was observed in young and mature leaf extracts ( Figure 6A , cf. lanes 5 and 7), but mature leaves did not show staining in parallel assays (data not shown). Instead, the weak staining may reflect the distribution of GRIK2 throughout the cell, making it more difficult to detect. Consistent with this idea, there appears to be more general GRIK2 staining in all three tissues compared to the normal rabbit antibody controls (cf. 7A and 7G; 7B and 7H; 7C and 7I).
However, a few stained nuclei can be seen in the leaf primordium and petiole sections ( Figure   7H and 7I), indicating that GRIK2 is not excluded from the nucleus. Another possibility is that the GRIK2 C-terminus is masked and unavailable for antibody binding in the native protein in the fixed tissue sections. In either case, the distinct staining patterns for GRIK1 and GRIK2 are indicative of differences in their local concentrations and/or differential localization.
GRIK1 and GRIK2 Are Related to the Yeast and Animal SNF1/AMPK Activating Kinases
GRIK1 and GRIK2 form a small protein kinase family in Arabidopsis and are distinct from their next most similar protein kinase AtKIN10, a SnRK1 family protein kinase. BLAST searches of the S. cerevisiae and human (Homo sapiens) proteomes revealed that GRIK1 and
DISCUSSION
Geminiviruses have co-evolved with their plant hosts to use endogenous cellular processes to replicate, express and transport their DNA genomes and to overcome resistance mechanisms (Rojas et al., 2005) . This is achieved in part by modulating existing signal transduction pathways through the interaction of viral proteins and host protein kinases. Geminivirus proteins bind to RLKs that are part of the plant pathogen surveillance system and interfere with the ability of the host to mount a resistance response (Fontes et al., 2004) . Susceptibility to geminivirus infection is also enhanced by interaction with a SnRK1, implicating this evolutionarily conserved, energysensing protein kinase in the plant defense response (Hao et al., 2003) . In this paper, we provide another connection between SnRK1 and geminivirus infection by showing that the AL1 partners, GRIK1 and GRIK2, can act as SNF1 activating kinases in yeast. Data showing that the GRIK1 and GRIK2 proteins accumulate preferentially during infection and in young Arabidopsis tissues suggest that the SnRK1 cascade regulate a diverse range of functions in higher plants.
The Arabidopsis genome encodes two related protein kinases, GRIK1 and GRIK2, which are the sole members of the kinase family 4.2.7 as defined by the PlantsP Kinase Classification Scheme (http://plantsp.genomics.purdue.edu). Related kinases are encoded by the rice and M. truncatula genomes (Figure 1) , demonstrating that the 4.2.7 family is conserved in both monocot and dicot plant species. The GRIK1 and GRIK2 coding sequences display 82% nucleotide identity, and their genes are arranged similarly with respect to exon-intron location and exon size, characteristic of a gene duplication event. GRIK1 and GRIK2 also have many attributes in common including their expression patterns, post-translational regulation, interaction with a geminivirus replication protein, and complementation of the yeast pak1/tos3/elm1 triple mutant.
These similarities suggest that GRIK1 and GRIK2 are functionally redundant, but two observations argue against this conclusion. Immunolocalization studies suggested that they are in different cellular compartments or associated with different protein complexes (Figure 7 ). In addition, GRIK2 displayed a stronger complementation phenotype in the yeast triple mutant ( Figure 8C ). This was most striking when yeast was grown in the presence of glycerol and ethanol, with only GRIK2 showing complementation.
GRIK1 and GRIK2 accumulation is associated with young leaf tissues ( Figure 6A emerging petiole. Cells at these early developmental stages and geminivirus-infected cells share the capacity to replicate DNA either as part a mitotic cell cycle or an endocycle (Traas et al., 1998; Hanley-Bowdoin et al., 2004) . GRIK2 is also highly abundant in developing flower buds ( Figure 6C ), which contains replication competent cells. The uniform GRIK1 and GRIK2 mRNA levels during leaf development ( Figure 6B ) indicate that accumulation of the kinases is modulated by post-transcriptional mechanisms. The proteasome inhibitor MG132 stabilized both kinases in Arabidopsis seedlings and CaLCuV-infected leaves ( Figure 5 ). Hence, GRIK1 and GRIK2 accumulation is regulated, at least in part, by protein degradation via the proteasome pathway, which controls the levels of many proteins associated with the cell cycle and DNA replication (del Pozo et al., 2002; Planchais et al., 2004; Yamamoto et al., 2004) . However, the uniform GRIK1 expression pattern in the SAM ( Figure 7D ) is not consistent with modulation of protein levels in a cyclic manner. Instead, the declining proportion of GRIK1 positive cells in the emerging petiole suggests that its turnover is activated during differentiation. The absence of detectable GRIK1 and GRIK2 in mature tissues is consistent with efficient degradation in differentiated cells.
Several lines of evidence indicated that GRIK1 and GRIK2 expression is regulated by multiple mechanisms during geminivirus infection. GRIK1 and GRIK2 mRNAs are elevated ca.
two-fold in infected leaves ( Figure 4C ), but this change is not sufficient to account for the much larger rise in protein levels ( Figure 4A ), further indicating that post-transcriptional mechanisms contribute to the accumulation of the kinases. Consistent with this idea, MG132 treatment of CaLCuV-infected leaves established that GRIK1 and GRIK2 are degraded via the proteasome pathway and uncovered a large increase in de novo protein synthesis during infection ( Figure 5B and 5C). The net accumulation of GRIK1 and GRIK2 most likely reflects a balance between these two processes. Interestingly, the 5'-untranslated regions of both GRIK1 and GRIK2 Schizosaccharomyces pombe, Dictyostelium discoideum, Caenorhabditis elegans, zebrafish (Danio rerio) and Drosophila melanogaster, indicating that GRIK1 and GRIK2 belong to a kinase family that is conserved across eukaryotes. This family branch in the phylogenetic tree is supported by a bootstrap value of 74%, which increases to 84% if the more diverse ELM1 is not considered ( Figure 8A ). These data agree with an earlier study comparing protein kinases from Arabidopsis and budding yeast that did not conclusively identify GRIK1 and GRIK2 as homologs of PAK1/TOS3/ELM1 (Wang et al., 2003a) . However, several observations support the idea that these Arabidopsis and yeast kinases are related. First, a bootstrap value of 84% is also seen for the branch containing only plant GRIKs and mammalian CaMKKs, indicating that the plant and animal kinases show similar divergence from the yeast kinases. Second, the functional relationship between the CaMKKs and the yeast kinases has been established in complementation assays using a yeast pak1/tos3/elm1 triple mutant (Hong et al., 2005) . We showed that GRIK1 and GRIK2 expression also restores the ability of the same yeast mutant to use non-glucose carbon sources ( Figure 8C ). Last, the most similar kinases to PAK1/TOS3/ELM1, CaMKKs and GRIKs, e.g. the yeast kinase SNF1, the animal AMPK and the plant SnRK1, constitute a homologous family of protein kinases involved in sugar metabolism (Wang et al., 2003a; Halford et al., 2004) . This conservation is underscored by the ability of CaMKK to phosphorylate the Arabidopsis SnRK1 AKIN10 in vitro (Sugden et al., 1999) . These data strongly suggest that like the kinases PAK1/TOS3/ELM1 and CaMKKs, the substrates of GRIK1 and GRIK2 are members of the SNF1 family.
The Arabidopsis SnRK family has 38 members constituting three subfamilies (Hrabak et al., 2003) . The SnRK1 subfamily contains three members that are orthologs of the yeast SNF1 and mammalian AMPKs. This subfamily has been shown to play roles in regulating and coordinating plant carbon and nitrogen metabolism (reviewed by Halford et al., 2003 and 2004; Francis and Halford, 2006) . Two additional subfamilies, SnRK2 and SnRK3, have 10 and 25 members, respectively. As a result, plant SnRKs are more diverse and thought to play roles in a variety of cellular processes in addition to nutrient and energy metabolism (Hrabak et al., 2003; Halford et al., 2004) . Because of the size and diversity of the Arabidopsis SnRK family, it is likely that their activities are regulated through multiple mechanisms (Chikano et al., 2001) . In animals, AMPK can be activated by multiple upstream protein kinases, including the CaMKKs (Hawley et al., 2005; Hurley et al., 2005; Woods et al., 2005) Woods et al., 2003) . It is possible that a yet-to-be discovered SnRK-activating kinase regulates nutrient metabolism in mature plant tissues, while GRIK1 and GRIK2 function as upstream activators of one or more SnRKs to coordinate growth and energy supplies in young tissues (Thelander et al., 2004) and sugar control of cell cycle progression (Riou-Khamlichi et al., 2000) . This idea is supported by the specific expression of GRIK1 and GRIK2 in young tissues and provides a mechanism for plants to address the unique energy requirements and high biosynthetic activity of sink tissues. Alternatively, GRIK1 and GRIK2 might activate a SnRK that regulates a process specifically associated with early development and unrelated to energy were observed with a Nikon Eclipse E800 microscope.
RNA Extraction and Real-Time Quantitative RT-PCR
The NucleoSpin RNA Plant Kit (Clontech) was used to extract RNAs from 100 mg of plant tissue powders. RNA (5 µg) was transcribed to cDNA using PowerScript reverse transcriptase (Hanks and Hunter, 1995) and was altered to alanine in GRIK1(K137A) and GRIK2(K136A). Underlined sequences in GRIK1and GRIK2 correspond to the peptides used for antibody production. The two letter abbreviations in the brackets indicate the species sources of the kinases: At,
